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Diffraction of a Bose-Einstein Condensate in the Time Domain
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We have observed the diffraction of a Bose-Einstein condensate of rubidium atoms on a vibrating
mirror potential. The matter wave packet bounces back at normal incidence on a blue-detuned
evanescent light field after a 3.6mm free fall. The mirror vibrates at a frequency of 500 kHz with
an amplitude of 3.0 nm. The atomic carrier and sidebands are directly imaged during their ballistic
expansion. The locations and the relative weights of the diffracted atomic wave packets are in very
good agreement with the theoretical prediction of Carsten Henkel et al. [1].
PACS numbers: 03.75.Be, 03.75.Dg, 42.50.Vk
The manipulation of ultracold atomic matter waves
with optical or magnetic fields close to surfaces is exten-
sively explored in the context of fabricating integrated
atom optics devices. The use of the Zeeman interac-
tion due to the magnetic field of microfabricated current
carrying wires is currently the most attractive approach
[2, 3]. The main advantages of this method are the mod-
ularity and steadiness of the microchip fabrication. Nev-
ertheless, some drawbacks of this technique exist since
one experiences losses of atoms in magnetic traps at close
distances to conducting surfaces [4, 5, 6] due to Johnson
noise induced spin flips. This loss mechanism is absent
in the vicinity of dielectric surfaces, which can be used as
substrates for dipole traps based on optical near fields.
In 1991 Ovchinnikov et al. [7] made the seminal pro-
posal of using the difference in the decay lengths of the
evanescent fields created by total internal reflections of
blue- and red-detuned light beams on a planar dielectric
surface to create a trapping dipole potential above the
surface. The group of R. Grimm demonstrated this trap-
ping in 2002 [8]. The proposals of Barnett et al. [9] and
Burke et al. [10] enlarge the optical near field trapping
geometry to a richer variety of patterns: the basic idea
is to take benefit of light injected inside integrated opti-
cal structures to design evanescent field traps and guides.
Having a similar compactness and versatility as the op-
tical waveguides supporting the evanescent waves, these
dipole traps and guides offer an interesting alternative to
the current carrying wires on a chip technique.
In this letter we address the action of the evanescent
outer part of a light mode propagating in a planar opti-
cal waveguide. The experiment performed is similar to
the one realized with cold atoms by the group of Jean
Dalibard in 1995 [11]. The difference mostly consists in
the initial longitudinal coherence of our atomic source.
In our experiment, an atomic Bose-Einstein condensate
is reflected after a free fall by the evanescent part of a
blue-detuned guided optical mode, and is observed in its
ballistic expansion after the bounce. The evanescent mir-
ror is made to vibrate, which modulates the phase of the
reflected wave function and diffracts the atoms in sev-
eral sidebands. Atoms bouncing on this potential are
also dramatically scattered, which is due to the corru-
gated structure of the planar waveguide on a nanome-
ter scale. A particular study of the elastic scattering
of the atomic wave by the static rough mirror poten-
tial is presented elsewhere [12]. As discussed below, the
diffraction in the time domain and the elastic scattering
are independent phenomena and we focus here on the
study of the first effect. This diffraction of an atomic
BEC by a modulated mirror has also similarities with
experiments on atomic diffraction performed by a pulsed
optical standing-wave [13, 14]. The experimental set-up
is described in [15]. It is based on a double MOT sys-
tem. From the UHV MOT 5.108 87Rb atoms are trans-
ferred into a QUIC (Quadrupole and Ioffe Configuration)
[16] magnetic trap. An almost pure condensate of 2.105
atoms is obtained by radio-frequency evaporative cooling
inside the QUIC trap. Below the trapped atoms stands
an optical waveguide made of a 360 nm thick layer of
TiO2 (nguide = 2.3) on the top of a 400 nm SiO2 layer
(ngap = 1.46). This low index gap layer is on the top
surface of a high index prism made of a Schott LaSFN15
glass (nprism = 1.86). The TE2 mode of the waveguide
is excited through evanescent coupling of a P0 = 50mW
diode laser beam detuned by δ0 = 2.1GHz on the blue
side of the D2 5S1/2, F = 2 → 5P3/2 transition. The
field decay length of the TE2 guided mode in the vac-
uum is κ−1 = 93 nm. The number of spontaneous photon
per atom during the bounce is about 0.1 in the situation
where the atoms penetrate in the evanescent field with
a falling height of 3.6mm. The vibration of the evanes-
cent mirror is obtained by a sinusoidal modulation of the
diode current. The resulting modulation depth of the
a.c. Stark shift potential U ∝ P/δ is ε = |εP +εδ|, where
εP = ∆P/P0 and εδ = −∆δ/δ0. The power modula-
tion depth εP is measured directly with a photodiode.
The detuning modulation depth εδ is measured by cali-
brating the frequency shift versus the diode current using
the atomic frequency reference in a saturated absorption
experiment. The modulation depth εP is 25 times less
than εδ: the modulation of the reflecting potential is thus
2TABLE I: Parameters for the (a), (b), and (c) experi-
ments: frequency modulation Ω/2pi, optical frequency detun-
ing δ0/2pi, detuning modulation ∆δ/2pi, modulation depth ε,
fall height z0 and time of flight ∆tfall +∆tbounce.
Experiment (a) (b) (c)
Ω/2pi (kHz) 500 500 500
δ0/2pi (GHz) +2.1 +2.1 +1.9
∆δ/2pi (MHz) 130 163 163
ε 6.2% 7.8% 8.6%
z0 (mm) 3.6 3.6 2.05
∆tfall +∆tbounce (ms) 27 + 27 27 + 27 20.5 + 19.5
TABLE II: Expected and measured positions of the sidebands
relative to the carrier, in µm, for experiments (a), (b), (c).
Diffraction orders −2 −1 0 +1 +2
Expected: (a) and (b) −479 −235 0 +228 +449
Measured: (a) −470 −226 0 +221 +433
Measured: (b) −460 −231 0 +219 +433
Expected: (c) −228 0 +216
Measured: (c) −227 0 +218
essentially due to the modulation of the detuning.
Three kinds of BEC diffraction experiments have been
performed. They differ by the falling heights of the
atomic cloud and by the modulation depths of mirror
potential. The parameters are summarized in table I. In
the (a) and (b) experiments the atomic condensate is re-
leased from the QUIC trap centered 3.6mm above the
dielectric surface. In the (c) experiment the condensate
is first magnetically transported to a height of 2.05mm
above the surface before being released from the trap [17].
The corresponding free fall times down to the dielectric
surface are ∆tfall = 27ms in cases (a,b) and 20.5ms in
case (c). In addition to the incident vertical velocity, a
small horizontal velocity (30mm/s for all experiments)
results in a slight tilt of the clouds after reflection. The
modulation depths ε are 6.2% in (a), 7.8% in (b), and
8.6% in (c). These modulation depths correspond to vi-
brating amplitudes of the mirror zM of 2.9 nm, 3.6 nm,
and 4.0 nm, respectively. The frequency of the modula-
tion is kept the same, Ω = 2pi×500 kHz, throughout these
experiments. The diffracted wavepackets are detected by
absorption imaging with a horizontal laser beam (Fig. 1,
upper part). In order to accurately measure the atomic
populations in the different elastically scattered diffrac-
tion orders, the optical density is integrated along circles
of growing radii. The relative weights are measured on
the resulting profile (Fig. 1, lower part) [18].
The diffracted populations are clearly resolved with a
time of flight ∆tbounce = 27ms (a,b) or 19.5ms (c) after
the reflection on the evanescent mirror. The measured
distances between the diffracted orders are reported in
table II. A remarkable feature of this experiment lies in
the direct visualization of the sidebands. The wavenum-
ber separations are transferred into wave packet sepa-
rations that allow a direct and accurate measurement
of the energy intervals and relative weights of the side-
bands. The scattering of the matter wave by the mirror
roughness and the diffraction of the same matter wave
by the mirror vibration are different in nature and their
effects are indeed clearly separated on the absorption im-
ages. The first effect is an elastic momentum exchange
which spreads the reflected atoms over an elastic scat-
tering sphere. The second is a transfer of energy, giving
birth to sidebands. Given our particular condition of
initial kinetic energy for say, 3.6mm free fall, the veloc-
ity difference along z between the carrier and the first
sidebands is ∆v ≃ ±1.5 vrec (vrec is the photon recoil
velocity) with a modulation frequency of 500 kHz. The
momentum scattering due to diffuse reflection affects es-
sentially the horizontal velocity (σv = 6.6 vrec along x
[12]). Hence it does not prevent the observation of re-
solved sidebands along the vertical direction. This leads
us to interpret our diffraction experiments with a one-
coordinate model, namely an incident plane wave at nor-
mal incidence with a perfect mirror.
Let us first consider the reflection of the plane atomic
wave function on a vibrating infinite repulsive potential
U
(
z < zm(t)
)
= +∞ , U
(
z ≥ zm(t)
)
= 0 [19]. We
assume that the velocity of the mirror coordinate zm is
always much less than the atomic group and phase ve-
locities, so that the incident wave function can be writ-
ten as ψi(z ≥ zm, t) = exp[i(−kz − ωt)]. The inci-
dent and reflected waves fulfill the boundary condition
ψi(zm(t), t) + ψr(zm(t), t) = 0 at any time. In the case
of a harmonically vibrating mirror zm(t) = zM sin(Ωt),
the reflected wave function may be expanded as a sum
of a carrier and diffracted sidebands ψr
(
z ≥ zm(t), t
)
=
+∞∑
n=−∞
Jn(2kzM) exp i[knz−(ω+nΩ) t+pi], where the side-
band amplitudes are Bessel functions of the first kind and
the atomic phase modulation amplitude is 2kzM. The
energy separation between sidebands is h¯Ω and the cor-
responding wavenumbers are kn ≃ k + n
ΩM
h¯k (M is the
mass of the atom) as long as the energy transfer is much
less than the incident kinetic energy.
In our situation the reflecting potential is an ex-
ponential whose amplitude is harmonically modulated
U(z, t) = U0[1 + ε sin(Ωt)] exp(−2κz). As the potential
is exponential, the amplitude modulation is equivalent
to an overall translation; in the case of a weak modu-
lation depth ε ≪ 1, this translation is also harmonic:
U(z, t) = U0 exp
[
−2κ
(
z − zM sin(Ωt)
)]
with zM =
ε
2κ .
The main difference between the infinitely steep and the
evanescent potentials lies in the continuous variation of
the incident matter wave momentum inside the potential
in the last case. Henkel et al. have calculated the atomic
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FIG. 1: Diffraction in the time domain of a 87Rb BEC on a vibrating repulsive evanescent wave. The experimental parameters
for (a), (b), and (c) are summarized in table I. The circular shape of each diffracted order is due to elastic scattering of the
atoms on the rough mirror potential (see text). Each absorption image is the result of a single experimental run. The camera
field is 5.5mm (hor.) × 4.4mm (vert.) and includes the top of the prism. The slight tilt of the atomic clouds is due to a small
horizontal initial velocity of 30mm/s. The values on the optical density profiles are the relative weights of the diffracted orders;
expected weights are in parentheses.
phase modulation imprinted by the vibrating mirror in
a semiclassical model [1]. It is assumed that the inci-
dent atomic de Broglie wavelength is much smaller than
2piκ−1 = 585 nm, and that the classical atomic trajec-
tory is not much affected by the vibration of the poten-
tial. In our experiment the atomic BEC cloud is released
3.6mm or 2.05mm above the dielectric substrate. When
the atoms hit the evanescent mirror, the de Broglie wave-
length λdB is respectively 17 nm or 23 nm. These values
are indeed much smaller than 2piκ−1. Furthermore, our
modulation depth is at maximum ε = 8.6% and ensures
that the vibration barely perturbs the classical atom tra-
jectory. Under these conditions the semi-classical ap-
proach proposed by Henkel et al. is valid.
The predicted diffraction weights are
P(n) =
∣
∣Jn
[
2kzMβ(Q)
]∣∣2 (1)
where β(x) =
pi
2 x
sinh(
pi
2 x)
and Q = ΩMh¯k /κ. Q is the ra-
tio of the wavenumber interval between successive side-
bands and the exponential decay factor of the evanescent
wave. The reduction factor β(Q) falls exponentially for
Q > 1, so that the maximum momentum transfer is in
the order of h¯κ as expected from the Heisenberg uncer-
tainty relation. The values in parentheses in Fig. 1 are
the weights P(n) calculated by the formula (1) where the
experimental values serve as inputs. The agreement be-
tween the calculated and the observed weights is within
10% accuracy in the worst case. The figure 2 illustrates
the expected relative weights of the diffracted orders as
a function of the modulation depth ε for atoms falling a
height of 3.6mm and a mirror modulation frequency of
500 kHz. It clearly shows that small modulation depths
are the better choice to combine high diffraction efficiency
on a few sidebands.
In summary, this experiment demonstrates the diffrac-
tion of an atomic matter wave by a vibrating rough mir-
ror potential. Despite the elastic diffusion of the atoms,
the signal of diffraction is still clear-cut because of the
monochromaticity of the atomic source. However, it
would be misleading to associate the quantum nature of
the atomic diffraction to the Bose-Einstein phase coher-
ence. The dynamics of the bouncing is not even deter-
mined by the density term of the Gross-Pitaevskii equa-
tion as it is in the Hannover experiment [20]: the expand-
ing BEC evolves like a free non interacting particle gas
already 2ms after being released from the magnetic trap.
The linear Schro¨dinger equation gives correctly the dy-
namics of individual atoms, independently of a relative
phase between their wave functions. Such a vibrating
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FIG. 2: Relative weight distribution over the carrier and
the first six sidebands of an atomic wave packet reflected off
the vibrating evanescent mirror for a 500 kHz modulation, as
a function of the modulation depth ε. The curves are the
weights P(n) (1) given by the semiclassical model of Henkel
et al. [1] for 87Rb atoms released 3.6mm above the dielectric
surface. The values plotted at modulations depths 6.2% and
7.8% are those of the (a) and (b) experiments, respectively
(see table I and Fig. 1).
mirror can be used as a phase modulator in conventional
atom optics: it has been implemented in a longitudi-
nal interferometer with three consecutive bounces [21],
the temporal equivalent of three grating interferometers
[22, 23]. In these devices, the atomic sources are con-
sidered as white light sources and great care is taken to
have identical path lengths. Crossing the bridge to non-
symmetric path interferometry becomes realistic when
the atomic wave comes out of a BEC. Under our exper-
imental conditions, a 2 path interferometer seems real-
istic under the following conditions: a first separation
of order +1 and −1 followed by N and N + 1 bounces
respectively, the final recombination being ensured by a
last modulation, would lead to a very asymmetric inter-
ferometer. With our experimental parameters, N = 7
appears to be possible. It will require, however, the use
of a super-polished substrate as a mirror and possibly a
lateral confinement of the atomic wave: up to 10 bounces
have been observed with a conventional MOT atomic
source at a 3mm drop height above a curved mirror [24],
and a guiding of the matter wave without perturbing the
motion perpendicular to the mirror surface can be ob-
tained with magnetic confinement [25].
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